Abstract: Short-and long-term oral exposures to boric acid (BA) in laboratory animals and birds caused toxic effects. However, the toxicity data on adult poultry skeletal muscles of BA was not documented with metabolic studies. Livability, weight gain, and feed conversion might be adversely affected in broilers as a result of changes in energy metabolism. Therefore, this study was conducted to investigate the influences of acute BA doses on energy metabolism of chick pectoral muscle (PM). Chicks were fed by giving the aqueous solutions supplemented with BA (0, 0.27, 0.54, 1.08, 1.35, 2.25, 3.375 and 4.5 mmol B/kg b.wt.). Breast muscle samples were taken at 24, 48 and 72 h and analyzed histochemically, ultrastructurally and biochemically. Data collected in these analyses indicated that consumption of diets containing up to 2.25 mmol B/kg at 24, 48 and 72h was not detrimental to broiler PM. However, 3.375 mmol B/kg b.wt. (at 24 h) and 4.5 mmol B/kg b.wt.
Introduction
Boron is released in the form of boric acid (BA) that is water soluble and biolologically available (Moore 1997) . BA is abundant in nature. It is widely used in industrial, agricultural, cosmetic, and a numerous smaller applications (Fail 1998) . Clarification of boron toxicity is important because of industrial and consumer exposure to boron and boron-containing compounds (Sabuncuoglu et al. 2006) . Therefore, corroborative evidence is sought in many animals. The chick model was highly responsive to dietary boron manipulation (Bakken & Hunt 2003) . Hunt (1989) demonstrated that boron deficiency lead to poor growth and leg abnormalities in chicks. Recent research findings suggested that physiological amounts of supplemental dietary boron affected a wide range of metabolic parameters in the chick and rat (Hunt 1994) . Another study showed that microscopic changes were seen in kidney and nervous system of mice, rats and dogs following exposure to BA (Pfeiffer et al. 1945) . A dose-related feathering abnormality was also evident in treated chickens. Boron accumulation in brain, kidney and white muscle of broiler chickens were established after exposure to 500 and 1250 ppm BA (2.25 and 5.625 mmol B/kg b.wt.) (Sander et al. 1991) . The latter studies in chick embryos reported myocardial hypertrophy (Moore 1997) . However, the toxicity data on adult poultry skeletal muscles of BA was not documented with metabolic studies. On the other hand, livability, weight gain, and feed conversion might be adversely affected in broilers as a result of changes in energy metabolism (McKee et al. 1997) . The morphology of hepatic mitochondrial cells also changed with 250 mg/L boron (Korolev et al. 1990 ). We thus suggest that relationships between mitochondria and energy metabolism with exposure to BA should be investigated in skeletal muscles. Again, the majority of toxic effects of BA were acute or short-term (Wegman et al. 1994) . However, basic indices have been poorly examined in cases of acute BA intoxication (Usuda et al. 1998) .
The pectoralis muscles of birds were characterized histochemically on the basis of their myofibrillar adenosine triphosphatase activity. Muscle fibers were described as slow-tonic or fast-twitch. The varieties of fast-twitch fibers were recognized histochemically based on their succinate dehydrogenase (SDH; a mitochondrial marker enzyme) activity; white (Type IIB; low SDH) and intermediate (Type IIA; moderate SDH) (Ogata 1988) . The chick pectoral muscle (PM) was predominantly representative of Type IIA and Type IIB fibers (Rosser & George 1986) .
The current work was designed to determine dose levels for risk assessment and the acute effects of different BA doses on energy metabolism of chick PM. With this aim, the properties of muscle were investigated by histochemical, ultrastructural and biochemical methods at 24, 48 and 72h after BA exposure.
Material and methods

Birds and housing
Three hundred and sixty broilers at the age of 5 wk (male) (Ross 208) were obtained from the Rural Services Research Institute, Erzurum, Turkey, and transported to the laboratory. Ten days were allowed for acclimatization to chicks. Room temperature was 21
• C. The relative humidity was maintained at 70%. Feed and water were available ad libitum. Approval for carrying out the experiment was obtained from the Ethical Committee of the Rural Services Research Institute.
Treatments
A total of 360 chickens were included in the investigation. Chickens were divided into 24 groups (n = 15). Treated chicks were fed by giving the aqueous solutions of BA (Sigma Chemical Co., St. Louis, MO, USA) as follows: 0.27, 0.54, 1.08, 1.35, 2.25, 3.375 and 4.5 mmol B/kg b.wt; control chickens received pure water. These investigations stem from the works of researchers (Sander et al. 1991; Rossi et al. 1993 ). Subsequently birds were routinely slaughtered at 24, 48 and 72 h, respectively. For the histochemical and biochemical assays, breast muscle strips 2 to 4 cm long and 0.5 cm thick were separated, frozen in liquid nitrogen, and stored at −80
• C until further analysis.
Breast muscle histochemistry
Cross sections (12 µm) were taken along the muscle under −20
• C cryostat for each assay (n = 5) (Eddinger et al. 1985) . The cross sections were stained with SDH to determine the mitochondrial content in the muscle fibers (Bancroft & Stevens 1982) . Unfixed sections were incubated in an appropriate solution (stock solution) for 30-60 minutes. Stock solution was prepared with tetrazolium and substrate as described by Bancroft & Stevens (1982) . The sections were transferred to formal saline solution (15%) for 15 min and washed with distilled water and then mounted in glycerine jelly. Photographs were taken within 30 min of mounting.
Breast muscle biochemistry
The glycogen, glucose, ATP and lactic acid were measured according to Passoneau & Lowry (1993) . Concentration of the metabolites was measured in microtiter plates in a Molecular Devices (Moleculer Devices Ltd., Winnersh, UK) microplate reader equipped with a 340 nm (lactate, ATP) and 490 nm (glucose, glycogen) optical filters; samples (n = 5) were evaluated by the Softmax microplate analysis software.
Breast muscle ultrastructure Samples (n = 5) were fixed in 3% glutaraldehyde buffered with 0.2 M NaH2PO4 + Na2HPO4 (pH = 7.2-7.3) and postfixed in 1% OsO4. After dehydration in increasing concentrations of acetone the samples were embedded in Araldite CY212. Ultrathin sections of the breast muscle were stained with uranyl acetate and lead citrate and examined under a JEOL-100 SX electron microscope.
Statistical analysis
Experimental data were analyzed using one-way analysis of variance (ANOVA) to determine whether any treatment significantly differed from controls and/or each other. Significant differences between the controls and/or treated samples were confirmed by Fisher's least significant difference test with the level of significance set at p<0.05. Statistical analyses were performed using SPSS software (version 11.5, SPSS, Chicago, IL, USA).
Results
The fibers of the control PM elucidated histochemical and ultrastructural differences in the distribution of the mitochondria. The number of mitochondria in the Type IIB was scarce compared with those on Type IIA (Figs  1, 2) .
No pathological change was observed as relationship with given doses of BA (except for 4.5 mmol/kg b.wt.) during the exposure time. Therefore, the figures of those receiving the doses are not presented. However, compared with PM cells from the control, the main structural alterations observed in fibers after exposure to the highest dose of BA (4.5 mmol/kg b.wt.) at 24 h was the accumulation of SS mitochondria, which was prominent in Type IIB (Fig. 3) . With ultrastructural studies, SS mitochondria in Type IIB fibers and changes of the mitochondria of long mitochondrion and IM mitochondrion with cristae dissolution were also observed in the longitudinal sections of PM (Figs 4, 5) .
Our biochemical findings were summarized in Figures 6-9 . After 24 h, the high doses of BA (3.375 and 4.5 mmol/kg b.wt.) caused significant reductions at glucose and ATP concentrations of Type IIB fibers. Also the amounts of these (glucose and ATP) were signifi- cantly different from controls with exposure to BA in dose 4.5 mmol/kg b.wt. for 48 h. (Figs 6, 7) . At this dose (4.5 mmol/kg b.wt.), glycogen (at 24 h) and lactate (at 24 and 48 h) concentrations of Type IIB showed important decreases compared to controls (Figs 8, 9 ). However, these parameters were similar to control values after 72 h.
Discussion
Mitochondria play a pivotal role in cellular metabolism and mitochondria in different locations may adapt to reflect diverse metabolic demands in distinct cellular regions (Schapira 1989) . Our histochemical and ultrastructural observations reveal this potential role of BA in PM cells. It has been reported that SS mitochondria generate ATP for numerous energy-requiring processes at the cell surface. It has also been postulated that the functional capacity of SS mitochondria may be crucial for fatty acid oxidation, glucose transport, and propagation of insulin signaling or other signaling cascades (Hood 2001) . In fact, the structures formed between BA and carbohydrates are poorly understood due to their complexity and variability (Scorei & Cimpoiaşu 2006) .
Decrease of glucose in culture medium is explained by boron-glucose interaction. Similarly, the formation of glucose-boron complexes with in vivo action of boron diminished energetic substrates in cartilage cells (Benderdour et al. 1997) . Here the data consistently indicated a causal association between exposure to high dose (4.5 mmol B/kg b.wt) of BA and SS mitochondria. As a matter of fact, BA caused to decrease of the concentrations of glucose, glycogen and lactate in PM cells. In this respect, it has been thought that the preferential accumulation in SS mitochondria can especially be beneficial for the Type IIB fibers, because Type IIB fibers use only glucose as substrate (Hill & Wyse 1989) . We therefore strongly accentuated that SS mitochondria may be functional at the plasma membrane of muscle cells for moderate negative effect of BA on amounts of glucose and other energy metabolites. Again, it is reported that boron as a dietary ingredient decreases overall peak insulin release in chicks (Bakken & Hunt 2003). The influx of glucose in skeletal muscle depends on insulin (Bishop 1976) . Also, the replenishment of muscle glycogen stores from glucose requires the activation of glucose transport (Ferraira et al. 2005) . In this situation, SS mitochondria are also response for propagation of insulin signaling in muscle cells, because the function of SS mitochondria for membrane-related processes in muscles is clearly relevant to insulin action (Hood 2001) . At this point we strongly emphasize that the action mechanism(s) of boron-insulin interaction on cell mitochondria need additional experimental studies. Predictably, defects of mitochondrial metabolism have a deleterious effect on cell function and survival, especially in highly energy-dependent tissues, such as skeletal muscle (Schapira 1998) . According to our ultrastructural observations, destroyed IM mitochondria might be the reason for reduced ATP. It is recorded that energy generated for support of muscle contraction is largely generated by mitochondria located in IM location (Cogswell et al. 1993) . It is therefore thought that 4.5 mmol B/kg b.wt. is fairly dangerous to muscle energy metabolism.
Since the judgement of toxic potential is only meaningful when associated with doses and durations, this study also presents the first evaluation of BA exposure on the energy metabolism of the chick muscle. In the current study, maximum biochemical alterations were observed after 24 h. There was incomplete recovery at 48 h, while complete recovery to control levels was achieved at 72 h. It has been reported that cessation of exposure to dietary BA results in a rapid drop in chemical disposition of boron in animals (Moseman 1994 ). BA does not appear to be metabolized in either animals or humans owing to the excessive energy required to break the B-O bond (Murray 1998 ). Thus BA is eliminated unchanged in the urine and the half-life for its elimination is approximately 21 h. It is worth mentioning that our time-course study also supports the relationship between the dynamics and kinetics of the BA in chick muscle.
Since significant adverse effects at high doses of BA (3.375 and 4.5 mmol B/kg b.wt.) were observed, the dose-dependent effects are important in our study. It has been reported that BA is toxic to all species tested at high doses (Fail et al. 1998) . One thousand ppm BA (4.5 mmol B/kg b.wt.) affected mallard reproduction (Moore 1997) . Moreover, the biochemical effects on blood, brain and liver of BA exposure to mallard ducks were reported in the high-dose group (1600 mg/kg) (Hoffman et al. 1990) .
A little is known concerning the role of BA on cellular level (Benderdour et al. 1997) . It is not known whether the active toxicant is BA itself or a molecule(s) combined with BA in target tissues (Moore 1997) . In the present study, BA caused a decrease of metabolite concentrations (glucose, glycogen, lactate and ATP), SS mitochondria accumulation and IM mitochondria damages. These observations provide that BA at the high doses (3.375 and 4.5 mmol B/kg b.wt.) causes the alterations in energy metabolism in Type IIB fibers of chick pectoralis muscle as dependent on time. Based on these results, we think that energy protection in muscle against BA toxicity will be the most important subject of further studies. Thus, high BA doses will not have detrimental effects on broiler performance.
